We investigate the index sensing characteristics of plasmonic arrays based on square lattice slab-like gold nanorings with different ring widths. High sensitivity of 691 nm per RIU is obtained for nanorings with 199 nm width. 
Introduction
The application of label-free, high-throughput, and chip-based sensors based on periodic metallic nanostructures has attracted much attention since the advances in fabrication approaches for creating nanostructures. Up to date, the increased sensitivity of plasmonic sensing is achieved by using hybrid plasmonic structure in the near-infrared (NIR) range, such as nanoshell [1] and nanorice [2] . However, the sensing performance is limited because the enhanced field concentrates inside the shell-like structures. The nanoring (NR) structure surmounts this limitation due to the extension of inside field to the environment. This leads to significant increase in the detection sensitivity [3] . In this report, we investigate square lattice of plasmonic arrays composed of slab-like gold NRs with different ring widths. The sensitivities of NR arrays show a linear relationship with ring widths for localized surface plasmon resonance (LSPR) mode in NIR. These results are crucial in designing LSPR sensors based on periodic metallic nanostructures.
Device Fabrication, Characterization, and Sensing Properties
In fabrication, first the ITO glass was spin-coated a 150 nm thin film of polymethylmethacrylate (PMMA). The NR patterns with area of 300×300 μm 2 and different ring widths were defined in the PMMA by electron beam lithography. After the development process, a gold thin film with thickness of 50 nm was deposited by thermal evaporation. Then the lift-off process is applied by rinsing the sample in acetone for a few hours. Fig. 1(a) shows the scheme of square lattice gold NR array with ring thickness t, periodicity p, diameter d, and average width w. Fig. 1(b) shows the scanning electron microscope (SEM) images of the fabricated square lattice gold NR arrays with different average ring widths. The average widths of NR-A to NR-E are 55, 81, 117, 149 and 199 nm. The periodicity, diameter, and thickness are 1 μm, 500 nm, and 50 nm. The transmission spectra of gold NR arrays were measured using a halogen lamp. The light was focused on gold NR arrays through a 20× objective lens. The transmitted light was then collected by another 20× objective lens and fed into a multi-mode optical fiber. The transmission spectrum was obtained by an optical spectrum analyzer. The extinction 
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JTuI66.pdf Fig. 2(a) shows the measured extinction spectra of NR-A to NR-E. Gold NR arrays exhibit two strong optical resonances attributed to the hybridization of plasmons in the VIS-NIR region. The two resonance modes are identified as the antibonding and bonding modes [4, 5] . The charge distributions of these two modes are shown as the insets in Fig. 2(a) . For the bonding and antibonding modes, remarkable blue-shift and red-shift of 83 nm and 141 nm are observed by increasing the average ring width from 55 nm to 199 nm. The sensitivities of the gold NR arrays are measured by immersing the samples in index matching liquids with different refractive indices from 1.00 to 1.39. For the NR-E array, the peak wavelength of the bonding mode shifts from 1244 nm to 1497 nm, while that of the antibonding mode keeps unchanged for refractive index varied from 1.00 to 1.36, as shown in Fig. 2(b) . The difference in sensitivity between the antibonding and bonding modes can be explained by the coupling between the inner and outer surface of the NR structure from plasmon hybridization model [4, 5] . The measured bonding mode wavelengths of NR-E array under different environmental indices from 1.00 to 1.36 are shown in Fig. 2(c) . A very high sensitivity of 691 nm per refractive index unit (RIU) is obtained. In addition, the sensitivities of NR arrays with different average ring widths are also investigated, as shown in Fig. 2(d) . The sensitivity of NR structures significantly increases from 537 to 691 nm per RIU when the average ring width was varied from 55 to 199 nm. The inset of Fig. 2(d) shows the sensitivity of NR arrays as a function of the average ring width. A linear relationship is obtained for the bonding mode in the NIR regime. The increased sensitivity with larger ring width is due to the field enhancement caused by dipole coupling.
Conclusion
In this report, we demonstrate a plasmonic index sensor based on square lattice of slab-like gold NR array. The peak wavelengths of the bonding and antibonding modes are strongly dependent on the width of the NR. For the bonding mode, we experimentally show that the sensitivity can be improved by broadening the ring width. High sensitivity of 691 nm per RIU under the ring width of 199 nm is obtained. This value can be further improved by the optimization of the periodicity of the NR array. Our results show that slab-like gold NR array has great potential for the plasmonic sensing research and chip-based sensor applications.
